Any fundamental understanding of detonations and explosives' behavior requires as a starting point a knowledge of molecular properties. Indeed, there is a sizable literature concerning observed decomposition kinetics, X-ray crystal structures, heats of formation, etc. for explosives.' As a result of this extensive experimental work, a large and ever increasing number of observed properties of explosives are available. Given sufficient data, models for the prediction of molecular properties can be developed and calibrated. Nevertheless, many desirable molecular properties can be obtained only with considerable effort and, in many cases, experimental measurements are not possible for practical reasons; e.g., bond dissociation energies are very difficult to obtain for explosives. Consequently, theoretical methods for obtaining these properties are quite desirable. In addition, it is oftentimes desired to estimate the properties of unknown molecules.
Among the properties of interest are crystal densities, molecular geometries, and bond dissociation energies; an accurate description of the electronic structure of an explosive is also desirable, as this is among the most fundamental of molecular properties. Although the relationship between these fundamental molecular properties and explosives' behavior is not always understood, it is our hope that the extension and development of means by which these properties may be calculated (perhaps even a priori) will provide a rational basis for the design and development of explosives with specific properties. Consequently, methods for the estimation of molecular properties, which might seem quite crude by other standards, can be of considerable practical value.
We present in this paper some of our recent efforts at extending and developing molecular models for explosives. These efforts fall into three main areas. The first is the estimation of crystal densities of organic nitrates and perchlorates by an entirely empirical group additivity method. The second is the calculation of molecular heats of formation and bond dissociation energies (BDE's) by a semi-empirical molecular orbital method, AM1. Third and last is the electronic structure of nitrobenzene as obtained from non-empirical (sometimes called ab initio) molecular orbital calculations.
Parameters for Estimating Crystal Densities
Stine derived parameters to be used in the prediction of crystal densities some time ago.2 For a wide range of organic compounds, predictions accurate to about f 5% can be easily obtained using his method. Consequently, Stine's method has been frequently used for estimating densities of new potential explosives.
Ionic compounds, however, were not considered in Stine's investigations and density predictions were not possible for new potential explosives that are ionic. Interest in ionic compounds as explosives has increased recently and, as a result, we have derived the required parameters for organic nitrates and perchlorates to be used in conjunction,with Stine's method.
Unit cell dimensions from X-ray crystal structures in the literature were used to obtain densities of known nitrates and perchlorates. For consideration, compounds were required to be unsolvated C,H,N,O containing ionic nitrates or perchlorates of integral stoichiometry with an even number of electrons.
These requirements were satisfied by a large range of compound types including acid adducts, quaternary ammonium salts, and carbonium ions. No error checking w a~ performed for the data set, as errors are expected to be random and, consequently, their effect is presumably negligible. It is unfortunate that the number of compounds far which there is data is quite small.
The rules in Table 1 were applied to calculate a molecular volume of the organic moiety in the manner Stine suggests in LA-8920. No claim other than that these rules were consistently applied is made. Subtracting the volume of the organic moiety, as described by Stine and in Table 1 , from VmOl yields the volume parameter of the anionic moiety required to reproduce the observed crystal density. These derived volumes, Vanion, were then averaged to yield one parameter each for nitrate and perchlorate ions.
Using the data shown in Tables 2 and 3 , we obtained volumes of 57.183 A3 and 76.561 A3 for nitrate and perchlorate ions, respectively. The average error in the calculated density for the compounds studied is quite small, being 0.017 g/cc and 0.027 g/cc for nitrates and perchlorates, respectively, despite large variations in Vanion. This occurs in part because of the relatively small volume of the anion relative to the molecular volume. Additionally, the small errors must be judged with due regard to the limited data sets from which they were derived. Nevertheless, these results suggest that density calculations for ionic compounds do not yield errors significantly larger than those for non-ionic compounds. 
An example of the application of the method is shown in Table 4 for two compounds that came to our attention after the nitrate parameters had been derived. The results are satisfactory. 
Heats of Formation and Bond Dissociation Energies from AM1
The AM1 semi-empirical molecular orbital method3 has proved useful in a number of connections. Reasonable results have been obtained for a wide variety of molecular properties including heats of formation, molecular geometries, ionization potentials, proton affinities, and other^.^^^ We wished to apply the AM1 method to determine if heats of formation and molecular geometries could be obtained for explosive molecules. Although additivity methods are capable of providing the same informati~n,~ we prefer the MO method because the MO approach allows greater generality. In addition, there are observed heats of formation for several explosives to test the calculations.
AM1 calculates a heat of formation appropriate for an isolated molecule in field-free space. Most experimental data for explosives, however, are measured in the crystal phase. The difference between these two numbers is a heat of sublimation, which is of non-negligible size.' To facilitate comparison of calculated and observed data, we developed from data available in the literature a completely ad hoe correlation equation relating heats of formation in the gas phase to those in the crystal phase. This was accomplished simply by a least squares treatment of the data for nitrogroup containing compounds shown in Table 5 . The result, Equation 2, furnishes a convenient means of correlating gas phase and crystal data; the ad hoc nature of this correlation makes its use for compounds dissimilar from those in Table 5 unjustifiable. AM1 calculations were then performed for the explosive molecules shown in Table 6 . Complete geometry optimizations were performed in each case. The resulting geometries are in reasonable agreement with experimental data, but discussion of these results is postponed for reasons of space here. The results of the calculations and observed data when available are presented in Table 7 TABLE 7 Comparison of observed and calculated heats of formation (kcal/mol) and bond dissociation energies (BDE's in kcal) for some explosives. Comparison of exp&imentally based heats of formation obtained from Equation 2 with calculated heats of formation from AM1 indicate that systematic errors occur in the theory. To correct this error it is recommended that 10 kcal for each C-NO2 group and 23 kcal for each N-NO2 group present in the molecule be s~btracted from the AM1 heats of formation. 0-NO2 groups do not require a correction. When the systematic deficiencies of AM1 are corrected in this fashion, heats of formation of explosives can be obtained with an average error of about 5-10 kcal; i.e., that normally found for AM1. HMX still has a large error, however, and its conformational surface is being examined more carefully to insure that the global minimum was obtained.
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Bond dissociation energies (BDE's) were obtained from corrected AM1 heats of formation of the closed shell molecule and the organic radical resulting from the loss of NOz. The experimental Hr of NO2 of 7.9 kcal was used also. The results appear in Table 7 . Although there is a lack of experimental data with which to compare the data, several apparent trends seem quite reasonable. The agreement with the observed C-NO2 BDE6 of nitrobenzene is fair. Additionally, NH2 substitution on the trinitrobenzene ring results in increased C-NO2 bond strength.
An interesting result is found from further calculations of the 1-or 2-picryl-1,2,3-triazoles. These two compounds are isomeric and thus have equal oxygen balance. Despite this, they have drastically different impact sensitivities: 1PkTz=11 cm and 2PkTz=200 cm. AM1 calculations reveal similar C-NO2 BDE's, giving no explanation for the different behavior. It has been suggested that lPkTz may lose N2 in the manner illustrated below, thus resulting in its greater s e n~i t i v i t~.~ AM1 calculations for the resulting biradical show it to be only about 20 kcal above the 1PkTz. This is an especially low-energy decomposition pathway, even allowing for significant errors in the calculation.
Electronic Structure of Nitrobenzene
The traditional description of the reactivity of nitrobenzene invokes resonance structures I-VII, below.8
Structures V-VII are generally considered to be important because of the strong [pi] withdrawing ability of the nitro group. In these structures, the nitro group carries a full negative charge, with the corresponding positive charge appearing at the ortho and para positions of the benzene ring. Table 8 shows results from three different basis sets for geometries of nitrobenzene in which the nitro group is in the plane of the ring (termed planar) and the nitro group is held perpendicular to the ring (termed perpendi~ular).~ At the best level of theory (6-311G**), which includes a triple split of the valence orbitals, d functions on heavy atoms, and p functions on hydrogen, the barrier for C-NO2 rotation is 6.9 kcal. This is considerably higher than the observed barrier of 2.8-3.0 kcal.1° Nevertheless, the barrier is dropping with increasing basis set size and the 6-311G** calculations may be taken as a reasonable description of these structures.
TABLE 8
Calculated MulIiken charges for nitrobenzene in which the nitro is perpendiclar to the plane of the ring (perp). Energy difference is kcal is also shown. The symbol U//n may be read "at the energy optimized geometry of." Thus, 3-21G//3-21G indicates a wavefunction obtained with the 3-21G basis set at the energy optimized geometry of the 3-21G basis set. We believe that these calculations do not support the involvement of resonance structure V-VII in the ground state description of nitrobenzene. Calculated charges for the nitro group, obtained by summing the N and twice the 0 charges, provide some of the strongest evidence. It is found that the planar-perpendicular difference in charge borne by the nitro group is nowhere near -1 as structures V-VII suggest; indeed, at the best level of theory, the nitro group actually bears more negative charge in the perpendicular form than it does in the planar form. Consequently, the contribution of resonance structures V-VII must be quite small in the ground state of nitrobenzene.
